Histone-like nucleoid-structuring protein (H-NS) and integration host factor (IHF) are major nucleoid-associated proteins, and DnaA, a replication initiator, may also be related with nucleoid compaction. It has been shown that proteindependent DNA compaction is related with many aspects of bacterial physiology, including transcription, DNA replication, and site-specific recombination. However, the mechanism of bacterial physiology resulting from nucleoid compaction remains unknown. Here, we show that H-NS is important for correct nucleoid compaction in a medium-independent manner. H-NSmediated nucleoid compaction is not required for correct cell division, but the latter is dependent on H-NS in rich medium. Further, it is found that the IHFαmediated nucleoid compaction is needed for correct cell division, and the effect is dependent on medium. Also, we show that the effects of H-NS and IHF on nucleoid compaction are cumulative. Interestingly, DnaA also plays an important role in nucleoid compaction, and the effect of DnaA on nucleoid compaction appears to be related to cell division in a medium-dependent manner. The results presented here suggest that scrambled initiation of replication, improper cell division, and slow growth is likely associated with disturbances in nucleoid organization directly or indirectly.
serving as an architectural protein and universal repressor, has bridging activities to support superstructures of DNA and suppresses transcription by binding AT-rich DNA throughout the Escherichia coli genome [7, 8] . Evidence indicates both H-NS and its paralogue StpA can reinforce duplex interwinding in supercoiled DNA [9] . H-NS also affects association of RNA polymerase to promoters or the formation of open complexes for transcription initiation, thus repressing gene expression [10] .
Integration host factor (IHF), a heterodimeric 22 kDa DNA-binding protein, contains two subunits of IHFα encoded by himA and IHFβ encoded by hip or himD gene. Acting as a nucleoid-associated architectural protein, IHF binds to a sequence-specific DNA and introduces a U-turn into the DNA [1, 11] . The protein-DNA interaction is related with many aspects of bacterial physiology, including transcription, DNA replication, and site-specific recombination [12] . IHF is capable of recruiting σ54containing RNA polymerase to promoters and thus stimulating closed complex formation for transcription initiation [13] . The ihf mutant is shown to be impaired in biofilm formation, revealing a reduction in matrix formation, and a decrease in viability and metabolic activity [14] .
The DnaA protein is an initiator for DNA replication in bacteria by interacting with 9-mer consensus sequences of TTA/TTNCACA (DnaA box) at the origin for replication [15, 16] . Unwinding of the origin depends on DnaA, and the process was stimulated by HU protein [17] . DnaA binds adenosine triphosphate (ATP) and adenosine diphosphate (ADP) with a high affinity [18] , and ATP-DnaA initiates replication whereas ADP-DnaA does not [18] . In addition to affecting nucleoid organization [19] , DnaA can negatively regulate ftsZ gene and affect cell division [20, 21] . DnaA is also a transcription factor, repressing or activating transcription of genes [22, 23] .
Here, we attempted to show the association between nucleoid compaction and subsequent physiological alterations by measuring the changes of cell size, nucleoid compaction, and distribution, growth rate and replication initiation in mutants of hns206, himA453, and dnaA345. We found that the H-NS, IHF, and DnaA-mediated nucleoid compactions might be associated with initiation of replication and cell division either directly or indirectly.
2 | MATERIALS AND METHODS 2.1 | Bacterial strains and growth conditions E. coli K-12 was used in the study, and the strains are listed in Table 1 . Cells were grown in ABTGcasa or Luria-Bertani (LB) medium at 37°C. When required, 50 µg/ml ampicillin, 50 µg/ml kanamycin, and 30 µg/ml chloramphenicol were added for selection.
Strains were constructed by generalized transduction with phage P1 as described previously [30] . The cat gene was amplified by polymerase chain reaction (PCR) using the pKD3 plasmid as the template and the F-del-himA-P1 and R-del-himA-P2 primers ( Table 2 ). The chromosomal himA locus was replaced by the amplified cat gene in BW25113, using one-step chromosomal gene inactivation method [31] , resulting in a ΔhimA::cat mutant strain. Similarly, the neo gene was amplified by PCR using the pKD4 plasmid as the template and the F-del-hns-P1 and R-del-hns-P2 primers ( Table 2) , and the chromosomal hns gene was replaced by the neo gene in BW25113, obtaining a Δhns::neo mutant. ΔhimA::cat or Δhns::neo allele was P1-transduced into MG1655.
| Plasmid constructions
All plasmids used in this study are listed in Table 2 , and the primers including their descriptions are listed in Table 3 . The hns or himA gene was amplified by PCR [29] using chromosomal DNA from the wild-type MG1655 cells as a template and the primers listed in Table 3 . The PCR fragment, including its native promoter, was inserted in pACYC177 at BamHI and HindIII, resulting in plasmid pACYC177-hns or pACYC177-himA, as described previously [32] . All constructions were sequenced to confirm the plasmid constructions to be correct. The plasmid was transformed into MG1655.
| Determination of doubling time
The OD 450 (optical density at 450 nm) values of exponentially growing culture were measured at different time points. Using the values of log 2 OD 450 as the X-axis and the time (T 0 − T y , T 0 represents the time of the first OD 450 value measured; T y represents the time of the OD 450 values measured) as the Y-axis, we got the formula Y = aX + b by the scatter diagram in Excel. In this formula, "a" represents the doubling time (minutes) of the cell culture analyzed [33] .
| Measurement of cell size and nucleoid distributions
Exponentially growing cells in LB or ABTGcasa medium at 37°C were collected (at OD 450 = 0.15), fixed in 70% ethanol, and stained with Hoechst 33258. Subsequently, the cells were observed and imaged by a Zeiss LSM710 Confocal microscope with ×100/1.4 Plam-Apo at 405 nm laser exitance [33] . The length of each cell was measured, and the nucleoids in each cell were counted.
| Flow cytometry analysis
Exponentially growing cells in LB or ABTGcasa medium at 37°C were treated with cephalexin (10 µg/ml) and rifampicin (300 µg/ml) for 3-5 generations. Rifampicin blocks initiation of replication by inhibiting transcription but allows the completion of ongoing replication while cephalexin prevents cell division at the time of addition of the drugs [34, 35] . After one wash in Tris-HCl buffer (pH 7.5), the cells were fixed in 70% ethanol, then stained with Hoechst 33258, and analyzed using a flow cytometer (LSR, BD). Each analysis included 10,000 cells. The preparation of standard samples and the postanalysis were done as previously described [29] .
3 | RESULTS
| The H-NS availability affects nucleoid compaction and cell size
H-NS is the histone-like nucleoid-associated DNA-binding and -bridging protein, playing a wide range of biological roles in bacteria [36] . To further analyze the function of the H-NS protein, the chromosomal hns gene was replaced by the neo gene in MG1655 cell of E. coli as mentioned in Section 2, resulting in a Δhns strain. Also, wild-type MG1655 was transformed with a H-NS overproducer (pACYC177-hns) to increase the availability of H-NS. These cells were exponentially grown in LB or ABTGcasa medium at 37°C, stained with Hoechst 33258 after fixation in 70% ethanol, and imaged with a Zeiss LSM710 Confocal microscope ( Figure 1a ). When the cells were grown in LB medium, 53.5% of wild-type MG1655 cells had two well-compacted nucleoids and 32.3% cells had one nucleoid while 14.1% cells contained non-well-compacted (we described as uncompacted here) nucleoids (Figure 1a ,b). In the absence of H-NS, the number of cells with well-compacted one nucleoid decreased from 32.3% found in the wild-type cell to 9.1%, while the percentage of cells with uncompacted nucleoids increased from 14.1% found in wild-type to 28.3% and threenucleoid cells appeared (Figure 1a ,b). Dramatically, in the presence of excess H-NS protein, the number of cells with one and two-nucleoids decreased from 85.8% found in the wild-type cell to 19.3% while cells with uncompacted nucleoids increased from 14.1% found in wild-type to 66.7%, and the number of three-nucleoid cells also increased (Figure 1a ,b). When cells were grown in ABTGcasa medium, 57.5% of wild-type cells contained one well-compacted nucleoid, 23.8% cells showed two nucleoids, and 18.7% cells had uncompacted nucleoids (Figure 1d ). In the absence of H-NS or presence of extra H-NS, the number of cells with uncompacted nucleoids increased to above 75% (Figure 1d ).
These results indicate that availability of H-NS is important for correct nucleoid compaction, and the H-NS-dependent nucleoid compaction is independent of medium. As shown in Figures 1c and 1e , the absence of H-NS did not affect the cell size significantly, although the nucleoid was not well-compacted. However, overexpression of H-NS protein dramatically increased the cell size, and the effect was independent of medium. The results show that H-NS-mediated nucleoid compaction is not directly required for correct cell division.
| Nucleoid compaction decreases in the hns206 mutant
Although H-NS plays an important role in nucleoid compaction in the above results, we are interested in whether its mutant will achieve consistent results. The reduced growth rate due to hns mutations was found by Barth et al. [26] . Further, we measured the nucleoid compaction and cell size in hns206 mutant as described above to confirm the H-NS effect on nucleoid compaction. In LB medium, the number of cells with wellcompacted two nucleoids decreased from 32.3% found in the wild-type cell to 29.6% in the hns206 cell, while the percentage of cells with uncompacted nucleoids increased from 14.1% to 30.1% in the hns206 cell ( Figure 2a ). In ABTGcasa medium, the number of cells with one and two nucleoids decreased from 81.3% found in the wild-type cell to 43.6% in the hns206 cell and cells with uncompacted nucleoids dramatically increased from 18.7% to 56.4% in the hns206 cell ( Figure 2c ). These results support the previous statement that H-NS is important for correct nucleoid compaction.
As shown in Figures 2b and 2d , the size of hns206 cells decreased significantly in LB medium. However, the size of hns206 cell was not affected in the ABTGcasa medium.
The results indicate that the correct cells division is dependent on H-NS protein in rich medium.
| The IHFα availability also affects nucleoid compaction and cell size
IHF is an abundant nucleoid-associated architectural protein, playing a role in chromatin compaction [37] . IHF consists of two subunits: IHFα encoded by the himA gene and IHFβ encoded by the hip or himD gene. The αβ heterodimer is the active form in bacteria [11] . To further analyze the functions of IHF protein, the chromosomal himA gene was replaced by the cat gene in wild-type MG1655 cell as mentioned in Section 2, resulting in a ΔhimA strain. At the same time, wild-type MG1655 was transformed with an IHFα overproducer (pACYC177-himA) to increase the availability of IHFα. The cells were visualized as mentioned above. When cells were grown in LB medium, in the absence of IHFα, the number of cells with well-compacted one nucleoid decreased from 32.3% found in the wild-type cell to 13.9%, while the percentage of cells with uncompacted nucleoids increased from 14.1% in wild-type to 37% and threenucleoids cells appeared (Figure 3a) . Interestingly, in the presence of excess IHFα protein, the number of the cell with well-compacted one nucleoid also decreased from 32.3% found in the wild-type to 6.9% while the number of the well-compacted two-nucleoid cells was not changed with an increase in the number of three-nucleoid cells (Figure 3a ). When the cells were grown in ABTGcasa medium, in the absence or presence of extra IHFα, the number of cells with one nucleoid decreased to 10% while the percentage of cells with uncompacted nucleoids dramatically increased to above 70% (Figure 3c ). Little effect on nucleoid compaction was found in the himA453 mutant (Figures 3e and 3g) . These results indicate that availability of IHFα is important for correct nucleoid compaction, and the effect is dramatic in ABTGcasa medium. were fixed in 70% ethanol, stained with Hoechst 33258 and Zeiss LSM710 Confocal microscope with ×100/1.4 Plam-Apo at 405 nm laser exitance. In cells grown in LB, the nucleoids in blue was visualized ((a) where (i) shows the cells with one nucleoid; (ii) represents the cells with two nucleoids; (iii) for the cell with uncompacted nucleoids; iv for the cells with three or four nucleoids; v and vi show the cells with abnormal nucleoids. We think that the condensed nucleoid in the cell is taken as the compacted nucleoid while the non-well-condensed nucleoid but occupied a limited area in the cell is considered as the uncompacted nucleoid. The diffused nucleoid throughout the cell is considered as abnormal nucleoid) and the percentage of cells with different organizations of nucleoids was calculated and shown statistically in histograms ((b) represents cells grown in LB and (d) for cells grown in ABTGcasa; I, II, III represent the cells with one, two, three nucleiods, respectively, and cells with uncompacted or abnormal nucleiods are also as shown). The length of cells was also measured ((c) represents cells grown in LB and (e) for cells grown in ABTGcasa). (Figure 3d ). The results show that availability of IHFα affects cell size, and the effect is dependent on medium. Further, the cell size in himA453 mutant decreased in LB and increased in ABTGcasa (Figures 3f and 3h) .
The results together suggest that the IHFα-mediated nucleoid compaction is required for correct cell division at the proper cell size, and the effect is dependent on medium.
| Nucleoid compaction significantly decreases in the hns206 himA453 double mutant
To understand the effect of H-NS and IHF on nucleoid compaction, hns206 himA453 cell was exponentially grown in LB or ABTGcasa medium at 37°C and then visualized as mentioned above. In LB medium, it was found that the number of cells with well-compacted two nucleoids decreased from 53.5% found in the wild-type cell to 18.3% and the percentage of cells with uncompacted nucleoids increased from 14.1% in wild-type to 50.2% in the hns206 himA453 double mutant (Figure 4a ). Dramatically, in the ABTGcasa medium, the number of cells with one-and two-nucleoid cells decreased from 81.3% found in the wild-type cell to 35.8%, and the number of cells with uncompacted nucleoids increased from 18.7% in wild-type to 64.3% in the hns206 himA453 cell (Figure 4b) . And, the effect is larger relative to that from hns206 or himA453 single mutant. These results show that effects of H-NS and IHF on nucleoid compaction are cumulative.
| Nucleoid compaction is largely diminished in the dnaA345 cell
The DnaA protein initiates chromosomal replication in bacteria [15, 16] . The dnaA345 mutant is a suppressor for the dnaAN locus [38] and is also found to cause underreplication and larger cell mass with slower growth [28, 32, 38] . The dnaA345 mutant and wild-type cells were exponentially grown in LB or ABTGcasa medium at 37°C and then visualized as described above. When cells were grown in LB, the number of cells with well-compacted one-and two-nucleoid decreased from 85.8% found in the wild-type cell to 38.1% in the dnaA345 cell, while the percentage of cells with uncompacted nucleoids largely increased from 14.1% of wild-type to 58.2% and abnormal nucleiods cells appeared in the dnaA345 cell (Figure 5a ). When cells were grown in ABTGcasa, the number of cells with one nucleoid decreased from 57.5% found in the wild-type cell to 12.7%, and the number of cells with two nucleoids also decreased from 23.8% of wild-type to 10.3% in the dnaA345 cell. However, the percentage of cells with uncompacted nucleoids increased to above 70.1% in the dnaA345 cell (Figure 5c ). These results indicate that the fully functional DnaA is important for correct nucleoid compaction, and the DnaA-dependent nucleoid compaction is independent of medium.
As shown in Figures 5b and 5d , the dnaA345 mutation did not affect cell size significantly in the LB medium. However, in the ABTGcasa medium, the mutation dramatically increased the cell size. The results show that DnaA-mediated nucleoid compaction may be associated with cell division in a medium-dependent manner.
3.6 | Scrambled initiation of replication and prolonged growth rates are found in hns, himA, and dnaA mutants The results described above allow us to conclude that H-NS, IHF, and DnaA had an impact on nucleoid compaction and cell size regardless of whether the effect depends on the medium or not. To investigate the biological functions of the H-NS-, IHF-, and DnaAmediated nucleoid organizations, we measured replication patterns and growth rates of Δhns, hns206, ΔhimA, himA453, dnaA345, hns206 himA453 cells grown in LB or ABTGcasa medium. As shown in Table 4 , relative to 21 min of wild-type cell grown in LB medium, the growth rates of the mutants mentioned above were extended over 7 min. Similarly, the growth rates of the mutants grown in ABTGcasa were also longer relative to 37 min of wildtype cell. The results show that mutations in hns, himA, and dnaA slow down the cell growth, further suggesting that the H-NS-, IHF-, and DnaA-mediated nucleoid organizations affect cell growth directly or indirectly.
Initiation of chromosome replication was detected in the mutants as described in Section 2. As expected, flow cytometry analysis showed that the wild-type cells had fully replicated 8 or 16 chromosomes after rifampicin and cephalexin treatment ( Figure 6 ), indicating that initiation of replication is synchronous in the wild-type cell. Although the hns206 mutant grown in LB contained seemingly normal and well-separated chromosome peaks, the peaks are significantly shifted to the left compared with wild-type cell. This suggests that initiation of replication is synchronous but delayed in the F I G U R E 3 The IHFα availability affects nucleoid compaction and cell size. Exponentially growing cells in LB or ABTGcasa medium at 37°C were visualized as mentioned in Figure 1 . The percentage of cells with different organizations of nucleoids was calculated and shown statistically in histograms ((a) and (e) represents cells grown in LB; (c) and (g) for cells grown in ABTGcasa; I, II, III represent the cells with one, two, three nucleiods, respectively, and cells with uncompacted or abnormal nucleiods are also as shown). The length of cells was also measured ((b) and (f) represents cells grown in LB; (d) and (h) for cells grown in ABTGcasa). Each measurement included at least 200 cells. Values are average of three experiments. ***p ≤ .001, *p ≤ .05. IHF, integration host factor; LB, Luria-Bertani; WT, wild type F I G U R E 4 The nucleoid compaction significantly decreases in hns206 himA453 double mutant. Exponentially growing cells in LB or ABTGcasa medium at 37°C were visualized as mentioned in Figure 1 . The percentage of cells with different organizations of nucleoids was calculated and shown statistically in histograms ((a) represents cells grown in LB and (b) for cells grown in ABTGcasa; I, II, III represent the cells with one, two, three nucleiods, respectively, and cells with uncompacted or abnormal nucleiods are also as shown). ***p ≤ .001. LB, Luria-Bertani; WT, wild type hns206 cells ( Figure 6 ). However, the DNA histogram of himA453, dnaA345, hns206 himA453 mutants did not show well-separated chromosome peaks compared with the wild-type cell. These peaks were also significantly shifted to the left, and were messy mainly around fourchromosome peaks, with the peak of DnaA345 being the most prominent. These indicate that initiation of replication in the mutant cells is asynchronous with delays ( Figure 6 ). A similar finding was also reported previously [39, 40] .
When cells were grown in ABTGcasa medium, wildtype cells had fully replicated two, four, or eight chromosomes after rifampicin and cephalexin treatment ( Figure 6 ), again indicating that initiation of replication is synchronous in the wild-type cell under the growth condition. The himA453, dnaA345, hns206 himA453 mutants grown in ABTGcasa did also not show wellseparated chromosome peaks, and DNA content was less than that in the wild-type cell ( Figure 6 ), again showing that initiation of replication in the mutant cells is asynchronous with delays. The replication pattern of dnaA345 is in accordance with previous work [28, 32] . It should be noted that the hns206 mutant contained wellseparated two-or four-chromosome peaks compared with two-, four-, or eight-chromosome peaks in the wildtype cell ( Figure 6 ), indicating that initiation of replication is synchronous but delayed in the hns206 cells ( Figure 6 ). The results suggest that asynchronous initiation of replication with delays in the mutants measured here may be associated with disturbances in nucleoid compaction directly or indirectly.
| DISCUSSION
NAPs are a set of abundant proteins that not only compact the chromosome by modulating DNA supercoiling but also regulate DNA structures in bacteria [4, 41] . At least 12 distinct types of NAPs have been described in E. coli while IHF, HU, Fis, and H-NS are well characterized [4, 42] . The 15.5 kDa H-NS protein is believed to play an important role in nucleoid compaction and organization by bridging distant DNA segments [43] . Also IHF, as a member of nucleoid-associated proteins, promotes nucleoid compaction [44] .
In agreement with previous reports [7, 43, 44] , we found that both the absence of H-NS or the presence of extra H-NS led to a dramatic increase in the number of cells with uncompacted nucleoids in a medium-independent manner (Figure 1 ). An increase in the number of cells with uncompacted nucleoids was also observed in the hns206 mutant (Figure 2) , indicating that the availability of H-NS and fully functional H-NS is required for correct nucleoid compaction. Similarly, a promotion in the number of cells with uncompacted nucleoids was found in the absence of IHFα subunit or overproduction of IHFα when the cells were grown in ABTGcasa (Figure 3 ) but the effect from overproduction of IHFα was gone in LB medium (Figure 3 ) due to unknown reasons, indicating that availability of IHFα affects nucleoid compaction dependently on medium. Also, we showed that effects the of H-NS and IHF on nucleoid compaction were cumulative (Figure 4 ). The effects of these protein on nucleoid compaction might be achieved because H-NS preferentially binds to AT-rich DNA sequences, and IHF binds to a specific DNA sequence [7] , resulting in sharp DNA bending [45] , which affects the architectural structure of DNA.
Interestingly, a large increase in the number of cells with uncompacted nucleoids and a fraction of cells with abnormal nucleoids were found in the dnaA345 mutant, and nucleoid compaction caused by DnaA was independent of medium ( Figure 6) , showing that DnaA plays a certain role in nucleoid compaction. A similar finding was also reported previously [32] . Although DnaA has been studied extensively as a replication initiator protein [15, 16, 46] , the function of DnaA on nucleoid compaction has not been investigated thoroughly. Our results represented here suggest that DnaA is directly involved in nucleoid compaction by binding to consensus DnaA boxes (9-mer of TTA/TTNCACA) with high affinity [21, 47, 48] . The suggestion is supported by the fact that there are 308 DnaA boxes scattered on the E. coli chromosome [15] , providing targets for DnaA binding in a large-scale manner.
Further, improper cell size (Figures 1-3 ), scrambled initiation ( Figure 6 ), and prolonged growth rate (Table 4) were observed in hns, himA, and dnaA mutants, where nucleoid compaction was not well-organized, as mentioned above. The results suggest that nucleoid compaction caused by H-NS, IHFα, and DnaA are associated directly or indirectly with change in cell division, initiation of replication, cell growth, regardless of whether the effect is dependent or independent of the growing medium. The explanation is supported by the findings that chromosome packing is essential for chromosome segregation [9, 43, 49, 50] and cell division [51] [52] [53] [54] , and dynamics in F I G U R E 6 Initiation of chromosome replication is delayed or asynchronized in the hns, himA, and dnaA345 mutants. Exponentially growing cells in ABTGcasa medium at 37°C were treated with rifampicin and cephalexin for 3-5 generations and then analyzed by flow cytometry as described in Section 2. The X-axis indicates chromosome equivalents per cell, the Y-axis represents the number of cells measured. Each measurement includes 10,000 cells. LB, Luria-Bertani; WT, wild type chromosome packing and unpacking is required for correct timing of gene expressions [21, [55] [56] [57] [58] .
In addition, in support of the explanation, H-NS can interact with the transcription initiation and elongation complex because it binds the AT-rich region in promoters [59, 60] . Also H-NS can influence the stability of RpoS (σ subunit of RNA polymerase) by inhibiting the expression of IraD and IraM, which are anti-adapter proteins that stabilize RpoS [61] [62] [63] . DnaA is also a transcription factor, regulating the expression of dnaA, mioC and uvrB [17, 22, 23, 32] . Thus, it is possible that H-NS and DnaA as transcription factors may modulate nucleoid compaction indirectly by controlling the expression of NAPs.
However, the results we showed here cannot exclude that: (a) scrambled initiation of replication could result in the disturbances in nucleoid compaction instead, and subsequent improper cell division and slow growth [29] since IHF and DnaA are directly involved in initiation of chromosome replication as described above; (b) H-NS and DnaA may be involved in initiation of replication and nucleoid compaction independently. Further investigation may show more direct evidence.
